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[57] ABSTRACT 
The present invention is a microwave radiometer for 
passive microwave remote sensing of the earth’s sur 
'face. This microwave radiometer is formed as a cross 
array including a vertical linear array pointed toward 
nadir and a perpendicular horizontal linear array. A 
beamformer is coupled to each array for forming a 
plurality of adjacent fan beams. A plurality of cross 
correlators produce overlap beams from the overlap of 
each pair of vertical and horizontal-array fan beams. 
This arrangement receives microwave energy from the 
earth at a constant incidence angle, a feature useful in 
passive microwave sensing. This microwave radiometer 
provides acceptable radiometric sensitivity and a spatial 
resolution while requiring less collecting area and thus 
much less mass than a dish antenna with the equivalent 
spatial resolution and needing no moving parts. An 
alternative embodiment of the present invention-in 
cludes two horizontal arrays and a beamformer simulta 
neously forming multiple pencil beams each having a 
constant incidence angle on the earth. 

17 Claims, 5 Drawing Sheets 
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HIGH RESOLUTION PASSIVE MICROWAVE 
SENSORS FOR EARTH REMOTE SENSING 

TECHNICAL FIELD OF THE INVENTION 

The present invention relates generally to apparatus 
for passive microwave remote sensing of the earth from 
space. 

BACKGROUND OF THE INVENTION 

Passive microwave remote sensing of the earth’s sur 
face provides an opportunity for monitoring the pres 
ence of water in many forms. These measurements can 
be made regardless of cloud cover and in total darkness. 
Some of the parameters that can be measured on land 
are soil moisture and soil temperature, the amount of 
vegetation, snow cover extent and snow water equiva 
lent. In the ocean areas, the sea surface temperature, 
wind speed, sea ice type and concentration, and hurri 
cane positions can be measured. 
Many of these applications require that the instru 

ments have a spatial resolution of l to 5 kilometers and 
operate at frequencies down to 1.4 GHz. For example, 
in order to measure soil moisture, the frequency has to 
be low enough for the microwaves to penetrate through 
the vegetation cover and into the soil. 
Most existing imaging microwave radiometers have 

conventional parabolic dish antennas that scan coni 
cally by rotating about the nadir axis. Such conical 
scanning produces a constant incidence angle at the 
earth’s surface; this is necessary for many remote-sens 
ing tasks. However, it would beimpractical to build a 
scanning dish antenna of this type that is large enough 
to get 5 kilometer spatial resolution at 1.4 GHz. This 
would require spinning a l2-meter antenna faster than 
one revolution per second. It is easy to appreciate the 
many problems inherent in placing such a structure in 
orbit. Such a structure would require a system for com 
pensating for the angular momentum of the spinning 
antenna. This requires a counter-spinning structure that: 

5 

2 
overlap. These pencil beams are formed simultaneously, 
and thus provide coverage over a sufficient area of the 
earth’s surface permitting coverage of the entire surface 
of the earth within a reasonable period of time. It is 
contemplated that this CAMRAD will be deployed on 
a satellite in a polar orbit at a height of approximately 
800 kilometers. 
This arrangement is advantageous due to the nature 

' of the fan beams formed from the vertical array. Any 
10 such fan beam covers a cone of constant angle to the 

line of the array. Such a conical fan beam from the 
vertical array intersects the surface of the earth at a 
constant incidence angle. As noted above, this feature is 
useful in passive microwave sensing. In this regard, the 
fan beam covers the earth in a pattern similar to the 
pattern of a rotating dish antenna. The fan beams of the 

. horizontal array are necessarily perpendicular to the fan 
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adds mass to be launched into orbit; consumes energy ‘ 
due to bearing loses; and poses the potential for loss of 
the satellite if the bearings seize. This type of structure 
would have to have sufficient structural integrity to 
withstand the forces developed by such a large, rapidly 
rotating structure. 

Consequently a need exists for a microwave radiome 
ter that can achieve acceptable radiometric sensitivity 
and spatial resolution without requiring any moving 
parts. 

SUMMARY OF THE INVENTION 

The present invention is a cross antenna microwave 
radiometer (CAMRAD) which consists of two arrays, 
each made up of multiple adjacent antenna elements. 
One array is vertical and thus points directly toward 
nadir. The second array is perpendicular to the first 
array and therefore horizontal. In accordance with the 
preferred embodiment, this horizontal array is_perpen 
dicular to the velocity vector of the satellite. This repre 
sents a convenient choice of orientation and is not re 
quired. A beamformer which produces simultaneous 
multiple fan beams is coupled to each array. A set of 
cross correlators measures the correlation between 
every possible pair of fan beams that includes a fan 
beam from each beamformer. This process serves to 
produce a pencil beam from each cross correlator lo 
cated at the position where the respective fan beams 
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beams from the vertical array, insuring that any two 
such fan beams intersect somewhere on the surface of 
the earth. Thus the cross correlation between two such 
fan beams forms a pencil beam similar to that of a dish 
antenna. 
The present invention provides a means for passive 

microwave remote sensing of the earth from space 
which meets the needs noted above. The CAMRAD of 
the present invention: achieves high spatial resolution; 
requires less collecting area than a dish antenna having 
a similar spatial resolution; requires very greatly re 
duced mass; has no moving parts; receives microwave 
energy emitted from the earth at a constant incidence 
angle; and achieves acceptable radiometric sensitivity. 
The present invention is described with an example 

having twenty-one antenna elements in each of the 
arrays. In this example a spatial resolution of 5 kilome 
ters is achieved at a wavelength of 5 centimeters. The 
CAMRAD in this example would have antenna ele 
ments in the horizontal array 0.55 meters wide and 0.55 
meters long. The antenna elements of the vertical array 
would eachbe 0.55 meters wide and 1.26 meters long. 
Thus the CAMRAD of this example would have a 
horizontal array 11.6 meters long and a vertical array 
26.5 meters long. This would provide a total collecting 
area of 20.9 square meters. This collecting area is iess 
than 10% of the collecting area of a dish antenna having _ 
an equivalent spatial resolution. 
An alternative embodiment of the present invention 

suitable for mounting on an aircraft includes two hori 
zontal arrays. A beamformer connected to the two 
arrays simultaneously forms multiple pencil beams. This 
beamformer includes a summer for each pencil beam; it 
has a ?xed time-delay element for each antenna element 
of the first and second arrays. The response pattern of 
the system moves with movement of the aircraft. By 
providing subdivided antenna elements in one array 
which points along track, these pencil beams can be 
formed to have a constant incidence angle. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other objects and aspects of the present 
invention will become clear from the following descrip 
tion of the invention, in which: 
FIG. 1 illustrates construction of the CAMRAD of 

the present invention with twenty one antenna elements 
in each array; 
FIG. 2 illustrates the de?nition of some geometric 

terms employed in the description of the microwave 
radiometer of the present invention; 



5,053,781 
3 

FIG. 3 illustrates in schematic diagram form the 
beamformer for the horizontal array; 
FIG. 4 illustrates the relationship of the CAMRAD 

of the present invention and its fan beams to the earth; 
FIG. 5 illustrates in schematic diagram form the cross 

correlators forming the pencil beams; 
FIG. 6 illustrates an alternative embodiment of the 

CAMRAD of the present invention; and 
FIG. 7 illustrates in schematic diagram form the 

beamformer forming the pencil beams in accordance 
with the alternative embodiment of the present inven 
tion. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

FIG. 1 illustrates an example of the present invention. 
The cross antenna microwave radiometer (CAMRAD) 
consists of two linear arrays in a cross or T con?gura 
tion. The horizontal array 10 is made up of multiple 
adjacent antenna elements 12, each having a length 14 
(measured along the axis of the array) and width 16 
(measured across the axis of the array). The horizontal 
array 10 has an overall length 18. Similarly, the vertical 
array 20 is made up of multiple adjacent antenna ele 
ments 22, each of a length 24 and width 26. The vertical 
array 20 has an overall length 28. Note that it is impor 
tant that the two arrays be constructed of adjacent 
antenna elements forming a contiguous antenna to 
avoid the formation of grating lobes. 
The example illustrated in FIG. 1 shows twenty one 

antenna elements in each array. This number was se 
lected only for clarity of illustration and more or fewer 
elements are feasible. In addition, although FIG. 1 illus 
trates the same number of antenna elements in both 
horizontal array 10 and vertical array 20, this is not 
required. ' 

FIG. 1 illustrates the horizontal array '10 and the 
vertical array 20 disposed in a T con?guration. This is 
not a required con?guration but merely a convenient 
design choice. Other con?gurations are possible so long 
as the vertical array 20 is pointed at nadir and horizontal 
array 10 is located reasonably near to and substantially 
perpendicular to vertical array 20. 
FIG. 2 illustrates the geometry of the CAMRAD in 

relation to the earth 5. Distance 50 is the height H of the 
satellite above the earth 5. Distance 52 is the line of 
sight distance R from the satellite to the point of interest 
7 on the surface of earth 5. Distance 54 is the radius Re 
of the earth 5. Angle 51 is the angle [3 between the line 
of sight and nadir. The vertical array 20 points toward 
nadir. Lastly, angle 53 is the incidence angle 0. 
A beamformer that simultaneously develops multiple 

fan beams is coupled to each array of the present inven 
tion. These fan beams are formed as follows. Let v,(t) be 
the voltage output received from the j-th antenna ele 
ment of a total of N elements of one of the arrays. The 
fan beam is formed by providing a suitable time delay to 
each voltage v}(t) and summing over all antenna ele 
ments. 

A? (1) 
19(1) _j= _N/2 v,(2 — r!) 

In this formula the center of the array is at j=0 and 11- is 
the time delay for the j-th antenna element. For a source 
at an angle g to broadside of a linear array, the differ 
ence between the distance to the j-th antenna element 
and the distance to the center of the array is: 

15 

sj=j a sin 5 (2) 

where d is the distance between adjacent antenna ele 
ments. In the general case, this distance d is greater than 
the length of the antenna elements. The two arrays of 
this invention, however, are formed of contiguous, ad 
jacent antenna elements, therefore this distance d is the 
the antenna elementlength, which is length 14 in the 
case of horizontal array 10 and length 24 in the case of 
vertical array 20. Thus the time delay 1'; is given by: 

rj=8j/c=(i d sin §)/c (3) 

where c is the speed of light. 
In the present invention, multiple fan beams are 

formed simultaneously for each of the two arrays. This 
. is achieved using multiple summers, one for each fan 
beam formed, with corresponding time-delay elements 
from each antenna element. Beamformer 100 connected 
to the antenna elements 12 of horizontal array 10 is 
illustrated in FIG. 3. The voltage output from each 
antenna element 12 is supplied to an ampli?er 30. Each 
ampli?er 30 drives multiple time-delay elements 35. The 
fan beams are formed in summers 40. Each summer 40 
receives the voltage from a corresponding time-delay 
element 35 for each antenna element. The number of 
time-delay elements required is equal to the product of 
the number of antenna elements in the array and the 
number of fan beams formed. It is considered advanta 
geous to provide a number of fan beams equal to the 
number of elements of the array. Thus for the CAM 
RAD example illustrated in FIG. 1, which has 21 hori 
zontal antenna elements 12, there would be 21 fan 
beams formed. This would require 441 time-delay ele 
ments 35. In accordance with the present invention a 
similar beamformer 200 would be connected to the 
antenna elements 22 of vertical array 20. 

Equation 3 above is employed to calculate the magni 
tude of the time delays for each time-delay element 35. 
The magnitude of the time delay Tj is computed from 
the position of the antenna element within the array (j), 
the separation of the antenna elements d (which in the 
present invention is equal to the length of the antenna 
elements) and the angle to broadside of the fan beam 5. 
In accordance with the present invention the multiple 
fan beams are formed at a set of predetermined angles to 
broadside. Thus the magnitude of each time delay is 
?xed by the design of the beamformer. 
The problem of providing the proper time delays will 

be difficult in a passive microwave remote-sensing ap 
paratus. Many conventional technologies are unsuited 
for this application because they use phase delays which 
cannot provide the bandwidth necessary in this applica 
tion. The bandwidth contemplated for the CAMRAD 
of the present invention is about 1 GI-Iz. One feasible 
technique is to convert the microwave signals to visible 
or infrared light and to use optical beamforrning tech 
niques. This technique is taught in “Ultra-‘Wideband 
Microwave Beamforming Technique”, Microwave Jour 
nal, Number 28, pages 121 to 131, 1985 by L. Cardone. 

7 An alternative technique is to employ Rotman lenses, 

65 

which are the microwave equivalent of one 
‘dimensional optical lenses. The use of such Rotman 
lenses in formation of simultaneous multiple beams is 
taught in “Lens-fed Multiple Beam Arrays”, Microwave 
Journal, Number 27, pages 171 to 195, 1984 by D. H. 
Archer. 
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Referring now to FIG. 4, each fan beam forms part of 
a cone centered on one antenna array 10 or 20. The fan 
beam 23 from vertical array 20 traces a path 27 on the 
earth 5. The vertical array 20 is positioned to point 
directly at nadir, which causes each part of path 27 to 
have approximately the same incidence angle at the 
surface irrespective of azimuth. Any variation in the 
incidence angle is within the range of the angular width 
of fan beam 23. For many microwave passive remote 
sensing applications, data must be received from a nar 
row range of incidence angle at the surface of the earth 
5. The fan beam 13 from the horizontal array 10 inter 
sects the earth 5 and forms path 17 perpendicular to 
path 27 on the surface of the earth. By cross correlating 
the signals from fan beam 23 and fan beam 13, a pencil 
beam is formed pointing toward the overlap region 25. 
As illustrated schematically in FIG. 4, the provision of 
multiple fan beams 13 and multiple fan beams 23 pro 
vides a grid of overlap regions 25. Thus the CAMRAD 
of this invention provides simultaneous coverage of 
many areas of the earth. 
The spatial resolution of the CAMRAD along track 

s; and cross track sy are: 

ry=Rk/(Dy cos Osin B) (5) 

where D, is the length 18 of the horizontal array 10 and 
Dy is the length 28 of the vertical array 20. It is consid 
ered advantageous to con?gure the CAMRAD of the 
present invention to provide circular pixels, that is hav 
ing sx=sy. This places a limitation on the relative length 
of the horizontal and vertical arrays. For these spatial 
resolutions to be equal, then: 

Dx=Dy cos Osin B (6) 

In these equations the factor cos 0 sin B is due to the 
inclination of the vertical array to the line of sight. The 
angles 0 and B are not independent but are related in a 
manner dependent upon the orbital height H. 
The CAMRAD pattern moves with the orbital mo 

tion of satellite. Because it is desirable to provide cover 
age of the entire earth, it is contemplated that the CAM 
RAD will be placed in a polar orbit. In the preferred 
embodiment the orbital height H (distance 50 illustrated 
in FIG. 2) is approximately 800 kilometers. This pro 
vides an orbital period of approximately 104 minutes. 
The orbital height is selected from a relatively narrow 
range of heights which provide equator crossings at the 
same local time for each orbit. Such orbits are called sun 
synchronous orbits. In addition, this height provides 
suf?ciently reduced atmospheric drag on the satellite 
for a long orbital lifetime. 
FIG. 5 illustrates in schematic diagram form the con 

nection of the cross correlators to the beamformers. 
Horizontal beamformer 100 (illustrated in FIG. 3) pro 
duces multiple summer outputs corresponding to the 
horizontal-array fan beams. In the same fashion vertical 
beamformer 200 produces multiple summer outputs 
corresponding to the vertical-array fan beams. For the 
example illustrated in FIG. 1, there are 21 horizontal 
array antenna elements 12, 21 horizontal-array fan 
beams, 21 vertical-array antenna elements 22 and 21 
vertical-array fan beams. _ 
A number of pencil beams are formed as follows. As 

shown in FIG. 5, each horizontal summer output is 
applied to the ?rst input of each cross correlator 80 in a 

6 
column of such cross correlators. Likewise, each verti 
cal summer output is applied to the second input of each 
cross correlator 80 in a row of such cross correlators. It 
should be apparent that the number of cross correlators 
80 must be equal to the product of the number of hori 
zontal-array fan beams and the number of vertical-array 
fan beams. Each cross correlator multiplies the instanta 
neous voltage from the summer output of the horizontal 
beamformer with the instantaneous voltage of the sum 
mer output of the vertical beamformer and averages this 
quantity over an integration time a. This effectively 
forms a pencil beam at the intersection of its horizontal 
array fan beam and its vertical-array fan beam. 
The integration time a. employed in the cross correla 

tors 80 must be selected with regard to the orbital speed 
of the satellite including the CAMRAD. The integra 

. tion time must be short enough to ensure that each 
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pencil beam is receiving energy from essentially the 
same part of the earth for the whole of the integration 
time, This integration time is set equal to Sy/ v, where Sy 
is the along track spatial resolution of the pencil beams 
and v is the orbital velocity of the satellite. This pro 
vides the maximum integration time in accordance with 
the limitation noted above. The output of each cross 
correlator 80 corresponds to the average received mi 
crowave radiation from its corresponding pencil beam 
and hence from the particular area of the earth where 
that pencil beam was pointed. 
The integration time a is the time a point is within a 

single pencil beam. The CAMRAD must form an image 
every a seconds. N fan beams are formed in the along 
track direction. Thus N images are formed while a point 
on the surface is within the ?eld of view of one antenna 
element and within the ?eld of view of one of the pencil 
beams. Therefore N suitably registered images can be 
averaged to provide an estimate of the brightness tem 
perature at each point on the earth. The ?eld of view on 
the ground of one antenna element 12 of the horizontal 
array 10 is given by: 

sy=R x/w (7) 

where A is the wavelength of the microwave radiation 
of interest, and w is the length 14 of each horizontal 
antenna element 12. Thus the total integration time T 
provided by the CAMRAD is a. N or Sy/ v because the 
N fan beams having ?eld of view 5,. cover the entire 
?eld of view Sy. . 

Table 1 lists the design parameters for the CAMRAD 
in accordance with an example of the present invention. 

TABLE 1 
Parameter Symbol Value 

Orbital altitude H 800 km 
Distance to satellite R 1160 km 
Incidence angle 0 50‘ 
Maximum allowed element beamwidth A0 0.1 rad 
Wavelength A 5 cm 
Spatial resolution s,, s}. - 5 km 
Aperture ef?ciency 1),, 0.7 
Bandwidth Av 1.0 GHz 
Ground velocity v 7 km/sec 
System temperature Ts}, ' 500 K 

65 These design goals yield a CAMRAD with a hori 
zontal length Dx of 11.6 meters and a vertical length Dy 
of 26.5 meters. In accordance with the example of the 
CAMRAD of the present invention having 21 antenna 
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elements in each array, the horizontal antenna elements 
would be 0.55 meters by 0.55 meters and the vertical 
antenna elements would be 0.55 meters by 1.26 meters. 
With this choice of parameters it is possible to calcu 

late the noise in the measurement of the brightness tem 
perature ATN. This quantity is given by: 

qDxDysinB Tm 
W711,‘ TAv 

ATN = 

where T is the integration time, the other symbols being 
de?ned in Table 1. This integration time is set equal to 
Sy/ v as noted above. This yields a ATNof about 0.15K. 
The physical parameters of the CAMRAD of this ex 
ample are shown in Table 2. 

TABLE 2 
Parameter Value 

ATN 0.15 K 
D, 11.6 m 
Dy 26.5 m 
d,‘ = w 0.55 m 

dy 1.26 m 
N 21 

The CAMRAD of this example has a total collecting 
area of 20.9 ml. A dish antenna having the equivalent 
spatial resolution of 5 kilometer would be 11.6 meters in 
diameter, and would have 209 square meters of collect 
ing area, ten times the collecting area of the present 
example. Such a conventional dish antenna would have 
to scan by rotating about the nadir axis; this would 
permit an integration time of about 0.7 milliseconds. 
The radiometric noise of such an antenna would be: 

(9) 
ATN = Tm/ J'rAv 

or about 0.6K. Thus the present example compares 
favorably with a conventional dish antenna. 
Although horizontal array 10 has been described as 

being perpendicular to vertical array 20, this is not 
strictly necessary. As long as horizontal array 10 is not 
parallel to vertical array 20 there will.still be an inter 
section between fan beams 13 and fan beams 23 on the 
surface of the earth. Therefore the data received will be 
useful data even for the case that the arrays are not 
perpendicular. The only uncertainty if the arrays are 
not perpendicular is in the location of the overlap areas 
on the earth. If the orbit and attitude of the satellite are 
is known, then known geological features (such as is 
lands) can be used to determine the direction of the 
pencil beams. Thus this CAMRAD con?guration can 
still produce useful data even if it is not precisely 
aligned. 
FIG. 6 illustrates an alternative embodiment of the 

present invention suitable for mounting on an aircraft. 
Aircraft 150 includes ?rst horizontal array 10' and sec 
ond horizontal array 20’. These two arrays are formed 
of adjacent antenna elements 12' and 22', respectively. 
A beamformer is connected to the antenna elements 12’ 
and the antenna elerrients 22’ to form the multiple pencil 
beams simultaneously. These pencil beams receive mi 
crowave radiation from multiple spots 125 on the earth. 
Illustrated in FIG. 6 is a number of such spots 125 for 
ward of aircraft 150. 
FIG. 7 illustrates the beamformer employed in this 

alternative embodiment. The voltage output from the 

(8), v 

8 
antenna elements 12' are formed into a bus 72. These 
voltages are applied to a set of corresponding time 
delay elements 70 for each summer 90. Each summer 90 
includes a time-delay element 70 for each of antenna 
elements 12'. In a similar fashion, the voltage outputs of 
antenna elements 22" are formed into a bus 77 and ap 
plied individual time-delay elements 75 for the same 
summer 90. In the case in which ?rst array 10' includes 
21 antenna elements 12' and second array 20 includes 21 
antenna elements 22', there would be 441 summers 90, 
each having 21 time-delay elements 70 and 21 time 
delay elements 75. The time delays for each time-delay 
element 70 and time-delay element 75 are computed in 
a manner similar to that discussed above in conjunction 
with equations 1 to 3. As in the previously described 
embodiment, it is contemplated that the time delays of 

- the numerous time-delay elements 70 and 75 will be 
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?xed, fomiing ?xed pencil beams. The response pattern 
of the system moves with movement of aircraft 150. 
Having thus described by invention, it can be seen 

that numerous alternative con?gurations can be envi 
sioned without departing from the spirit of this inven 
tion. 

I therefore claim: 
1. An antenna for passive microwave remote sensing 

of the earth’s surface from a satellite comprising: 
a vertical linear array disposed along a line from the 

satellite toward nadir that includes a plurality of 
adjacent vertical antenna elements, each vertical 
antenna element producing ?rst voltage output 
corresponding to the received microwave energy; 
and 

a horizontal linear array disposed perpendicular to 
said vertical linear array that includes a plurality of 
adjacent horizontal antenna elements, each hori 
zontal antenna element producing a second output 
corresponding to the received microwave energy. 

2. The antenna of claim 1, wherein the number of said 
plurality of vertical antenna elements equals the number 
of said plurality of horizontal antenna elements. 

3. The antenna of claim 2, wherein said vertical linear 
array includes twenty-one (21) vertical antenna 'ele 
ments, and said horizontal linear array includes twenty-_ 
one (21) horizontal antenna elements. 

4. The antenna of claim 1 wherein said horizontal 
linear array is disposed perpendicular to the velocity 
vector of the satellite. 

5. The antenna of claim 1, wherein the center of said 
horizontal linear array is attached to an end of said 
vertical linear array. 

6. The antenna of claim 1, wherein the length of said 
horizontal linear array is related to the length of said 
vertical linear array by the following formula: 

Dx=Dy cos Bsin B 

where Dx is the length of said horizontal linear array, 
Dy is the length of the vertical linear array, '0 is inci 
dence angle to an area of interest on the earth, and B is 
the angle of the line of sight to nadir for the area of 
interest 0 the earth. ‘ 

7. A microwave radiometer for sensing of the earth’s 
surface from a satellite comprising: 

a vertical linear array pointed toward nadir that in 
cludes a plurality of adjacent vertical antenna ele 
ments, each vertical antenna element producing a 
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?rst voltage output corresponding to the received 
' microwave energy; 

a vertical beamformer coupled to each of said plural 
ity of vertical antenna elements for forming a plu 
rality of adjacent vertical-array fan beams, each 
vertical-array fan beam being formed of the sum of 
said ?rst voltages with corresponding ?xed time 
delays; 

a horizontal linear array disposed perpendicular to 
said vertical linear array that includes a plurality of 
adjacent horizontal antenna elements, each hori 
zontal antenna element producing a second voltage 
output corresponding to the received microwave 
energy; 

a horizontal beamformer coupled to each of said 
plurality of horizontal antenna elements for form 
ing a plurality of adjacent horizontal-array fan 
beams, each horizontal-array fan beam being 
formed of the sum of said second voltages with 
corresponding ?xed time delays; and 

a plurality of cross correlators equal in number to the 
product of the number of said vertical-array fan 
beams and the number of said horizontal-array fan 
beams, each cross correlator being connected a 
unique pair of a corresponding vertical-array fan 
beam and a corresponding horizontal-array fan 
beam for forming the time average of the product 
of said corresponding vertical-array fan beam and 
said corresponding horizontal-array fan beam, 

15 

25 

thereby forming an overlap beam from the overlap . 
of said corresponding vertical-array fan beam and 
said corresponding horizontal-array fan beam. 

8. The microwave radiometer of claim 7, wherein the 
number of said plurality of vertical antenna elements 
equals the number of said plurality of horizontal an 
tenna elements. 

9. The microwave radiometer of claim 7, wherein 
said horizontal linear array is disposed perpendicular to 
the velocity vector of the satellite. 

10. The microwave radiometer of claim 7, wherein 
the center of said horizontal linear array is attached to 
an end of said vertical linear array. 

11. The microwave radiometer of claim 7, wherein 
the length of said horizontal linear array is related to the 
length of said vertical linear array by the following 
formula: 

Dx=Dy cos Osin B 

where D, is the length of said horizontal linear array, 
D, is the length of the vertical linear array, 0 is inci 
dence angle to an area of interest on the earth, and B is 
the angle of the line of sight to nadir for the area of 
interest on the earth. 

12. The antenna of claim 7, wherein the satellite is 
disposed in a sun synchronous polar orbit. 

13. The microwave radiometer of claim 7, wherein: 
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10 
the number of said plurality of vertical-array fan 
beams is equal to the number of said plurality of 
vertical‘ antenna elements; and 

the number of said plurality of horizontal-array fan 
beams is equal to the number of said plurality of 
horizontal antenna elements. 

14. A microwave radiometer for sensing of the earth’s 
surface disposed on a moving platform comprising: 

a ?rst linear array that includes a plurality of adjacent 
?rst antenna elements, each ?rst antenna element 
producing a ?rst voltage output corresponding to 
the received microwave energy; 

a second linear array disposed perpendicular to said 
?rst linear array that includes a plurality of adja 
cent second antenna'elements, each second antenna 
element producing a second voltage output corre 
sponding to the received microwave energy; 

a ?rst beamformer coupled to each of said plurality of 
?rst antenna elements for forming a plurality of 
adjacent ?rst-array fan beams, each ?rst-array fan 
beam formed of the sum of said ?rst voltages with 
corresponding ?xed time delays, . 

a second beamformer coupled to each of said plural 
ity of second antenna elements for forming a plural 
ity of adjacent second-array fan beams, each se 
cond-array fan beam formed of the sum of said 
second voltages with corresponding ?xed time 
delays, and 

a plurality of cross correlators equal in number to the 
product of the number of said ?rst-array fan beams 
and the ,number of said second-array fan beams, . 
each cross correlator connected to a unique pair of 
a corresponding ?rst-array fan beam and a corre 
sponding second-array fan beam for forming the 
time average of the product of said corresponding 
?rst-array fan beam and said corresponding se-‘ 
cond-array fan beam, thereby forming a corre 
sponding pencil beam from the overlap of said 
corresponding ?rst-array fan beam and said corre 
sponding second-array fan beam, said ?xed time 
delays of said ?rst and second beamformers se 
lected whereby each of said pencil beams has sub 
stantially the same incidence angle at the surface of 
the earth. 

15. The microwave radiometer as claimed in claim 
14, wherein: 

said ?rst linear array is vertical; and 
said second linear array is horizontal. 
16. The microwave radiometer as claimed in claim 

14, wherein: 
said ?rst linear array and said second linear array 

both are horizontal. 
17. The microwave radiometer as claimed in claim . 

14, wherein: 
the number of said plurality of ?rst-array fan beams is 

equal to the number of said ?rst antenna elements; 
and 

the number of said plurality of second-array fan 
beams is equal to the number of said second an- ' 
tenna elements. 

i i * ‘ i 
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